Abstract. This paper reports a novel technique enabling to tune the resonant frequency of linear inertial piezoelectric energy harvesters through the control strategy of the associated electronic interface circuit. When associated with piezoelectric devices exhibiting high electromechanical coupling, it is expected to enable the variation of the resonant frequency in large proportions.
Introduction
During the last decade, devices that can generate electrical power by exploiting ambient vibration energy have been developed as possible solution to power remote wireless sensors [1] . A large part of these developments use linear mechanical oscillators associated with piezoelectric transducers. Most of these linear piezoelectric energy harvester (PEH) exhibit squared coupling coefficient lower than 10%. They can efficiently operate in a narrow frequency bandwidth tuned to match the excitation frequency.
However, environmental excitations have broadband or time-dependent characteristics in which the energy is distributed over a spread spectrum of frequencies. Two strategies have been investigated: Developing nonlinear wideband oscillators and developing linear oscillator with resonance frequency tuning mechanisms. Nonlinear oscillators (hardening, softening or bistable) are well suited for broadband vibration spectrum [2] , [3] , whereas resonance frequency tuning is more appropriated for narrow band but time-dependent vibrations (which can be found on a motor whose rotation speed is varying). Frequency tuning is usually done through an additional component that passively or actively changes the stiffness or inertia of a linear mechanical oscillator [4] . This paper reports a new approach to tune the resonant frequency of linear inertial piezoelectric energy harvesters through the control strategy of the associated electronic interface circuit. When associated with piezoelectric devices exhibiting high electromechanical coupling, it enables to vary the resonant frequency in large proportions without any additional component.
Seddik et al previously proposed a principle of control through the electronic interface circuit [5] . It consisted in connecting shunt capacitors to the piezoelectric device. Consequently, the electromechanical structure stiffness was varied, and the resonant frequency was changed accordingly. They showed that it was possible to significantly vary the resonant frequency of highly coupled piezoelectric energy harvesters. However, because the shunt capacitance was varied step by step, the 3 To whom any correspondence should be addressed. 
High coupling coefficient piezoelectric energy harvester
A very high electromechanical coupling PEH was designed and manufactured for experimental validation of the proposed technique ( Figure 1 ). The deformable part is composed of two 10x5x0.5mm 3 plates of PZN-PT single crystals bonded on both sides of a 100µm thick brass shim. The inertial mass is composed of two 40x5x2.5mm 3 (1) and (2).
(1)
(2) where F, u, V, I refer to the driving force, the displacement, the piezoelectric voltage and the current respectively. In the case of a vibration driven PEH, F=Ma, where a is the ambient acceleration. α stands for the piezoelectric force-voltage coefficient; C P and R P refer to the clamped capacitance and the dielectric losses respectively. K SC is the global equivalent stiffness of the system encompassing the host structure K S and the piezoelectric element stiffness.
If the PEH is not subjected to any external solicitation, the theoretical complex admittance can be obtained from (1) and (2):
where ω 0 is the characteristic angular frequency of the short circuited PEH, k 2 is the squared coupling coefficient, Q m is the mechanical quality factor of the structure and ξ e is the dielectric losses coefficient. Experimental admittance diagrams of the device are represented on Figure 3 , and compared with simulated ones obtained from an identified linear model. The expression of ω 0 , k 2 , Q m and ξ e , as well as there identified values, are given in Table 1 .
The very good agreement between experimental and simulated admittance confirm the validity of the linear model, at least in the 40Hz -90 Hz frequency range. 
0.02
A new wideband energy extraction circuit dedicated to high coupling coefficient PEH
The proposed approach is derived from the previously developed SECE (Synchronized Electrical Charge Extraction) approach [6] . It is called FTSECE for Frequency Tuning SECE. It consists in letting the PEH in open circuit condition most of the time, and to extract the generated electrical charges two times a period of vibration. In contrast to the SECE technique, the FTSECE circuit does not extract energy at the piezoelectric voltage extremum, but with a phase shift φ. Moreover, whereas the piezoelectric voltage is null after each energy extraction phase in the SECE approach (all the electrical charges are extracted), it can be tuned with the FTSECE technique. A possible electronic interface circuit for implementing the approach is schematically depicted in Figure 4 . This circuit includes an electronic switch (SW), whose control is synchronized with the piezoelectric voltage. Two parameters of SW are varied through the control circuit: the ON state time duration (t ON ) and the lag time duration (t lag ) between the voltage extrema and the instant where SW is turned ON. The phase shift φ = ωt lag can be positive (SW is closed after the voltage extremum) or negative (SW is closed before the voltage extremum). If V M is the piezoelectric voltage at the moment where SW is turned on, varying t ON will allow to tune the voltage after the energy extraction phase between V M ( t ON = 0 ) and -γV M ( t ON ≃ π (LC P ) 1/2 ), where γ is the inversion coefficient of the LC P electrical oscillating circuit.
The load resistance value has no influence on the harvested power provided that the DC load voltage is larger than the piezoelectric voltage amplitude. In this way, energy transfers from the inductor to the rectifier only occur right after SW is turned OFF. Varying t ON enables to tune the amount of electrical energy extracted from the piezoelectric elements, and, if needed, to reverse the polarity of the piezoelectric voltage. Varying t lag enables to modify the electromechanical structure stiffness by tuning the phase shift between the piezoelectric voltage and the strain in the piezoelectric element. Typical waveforms for the FTSECE approach are given in Figure 5 . The voltage on the piezoelectric elements can be expressed by:
where u and h are respectively given by :
In (5), sqwave(t) is a square wave function whose amplitude is 1 and which as the same sign as sin(t). β is a coefficient that can be varied between 1 and -γ tuning t ON . Since the PEH is a resonant linear system, a first harmonic analysis is carried out to determine the amplitude U M of the inertial mass. The first harmonic of h is given by:
The expression of ĥ in the Fourier domain can then be expressed as: From equation (1) written in the Fourier domain, substituting the voltage V by its expression (4) and using the expression (7) of ĥ leads to the expression of the displacement of the inertial mass as a function of the ambient acceleration a:
It can be seen in (8) that φ and β (t lag and t ON ) affect both the resonance frequency of the system and its damping. The change in the damping is related to the energy conversion. The power extracted from the PEH is calculated from the energy extracted two times a period of the ambient vibration:
The expression of V M is given by (10) where U M can be obtained from (8).
Taking into account the losses in the inductor L the harvested power can be approximated by: The simulated harvested power using the proposed approach is given in Figure 6 in the case of a 0.3G sinusoidal ambient acceleration. For comparison purpose, the harvested power on a matched resistance is also given. A maximal power of 480µW is obtained over a 32Hz bandwidth. It can be seen that the maximal harvested power is slightly lower than the one obtained on a matched resistance. This is due to the losses in the inductor. Figure 7 shows the evolution of φ and β as a function of the frequency. Around 71Hz, which corresponds to the open-circuit resonance frequency of the PEH, only a small amount of the generated electrical charges are extracted and the extraction times coincide with the voltage extrema. When the vibration frequency is slightly shifted away from 71Hz, the switching phase shift φ is adjusted to tune the resonance frequency of the PEH. This phase shift induces a decrease of the generated electrical charges, which is compensated by extracting a larger percentage of them. If the vibration frequency is lower than 66Hz or larger than 75Hz, β becomes negative, which means that a portion of the generated electrical charges is injected back to the PEH with a reversed polarity. This effect increases the piezoelectric voltage amplitude and enhances the energy extraction. 
Conclusion
This paper presents the FTSECE technique. Combined with a high coupling coefficient linear PEH, it is expected to drastically enhance its bandwidth. This approach has not been experimentally validated yet, but the simulated results are supported by the very good agreement between the measured and modeled admittance.
